Plasmaspheric plumes have been routinely observed by CLUSTER and IMAGE. The CLUSTER mission provides high time resolution four-point measurements of the plasmasphere near perigee. Total electron density profiles have been derived from the electron plasma frequency identified by the WHISPER sounder supplemented, in-between soundings, by relative variations of the spacecraft potential measured by the electric field instrument EFW; ion velocity is also measured onboard these satellites. The EUV imager onboard the IMAGE spacecraft provides global images of the plasmasphere with a spatial resolution of 0.1 R E every 10 min; such images acquired near apogee from high above the pole show the geometry of plasmaspheric plumes, their evolution and motion. We present coordinated observations of three plume events and compare CLUSTER in-situ data with global images of the plasmasphere obtained by IMAGE. In particular, we study the geometry and the orientation of plasmaspheric plumes by using four-point analysis methods. We compare several aspects of plume motion as determined by different methods: (i) inner and outer plume boundary velocity calculated from time delays of this boundary as observed by the wave experiment WHISPER on the four spacecraft, (ii) drift velocity measured by the electron drift instrument EDI onboard CLUSTER and (iii) global velocity determined from successive EUV images. These different techniques consistently indicate that plasmaspheric plumes rotate Correspondence to: F. Darrouzet (fabien.darrouzet@oma.be) around the Earth, with their foot fully co-rotating, but with their tip rotating slower and moving farther out.
Introduction
The plasmasphere is a toroidal region located in the Earth's magnetosphere. It is populated by cold and dense plasma of ionospheric origin. It has been investigated by satellites and ground-based instruments (see the monograph by Lemaire and Gringauz, 1998 , the references cited therein, and the review by Ganguli et al., 2000) . Large-scale density structures have been observed close to the outer boundary of the plasmasphere, which is called the "plasmapause" or the "Plasmasphere Boundary Layer", or PLS Carpenter and Lemaire, 2004) . These structures are usually connected to the main body of the plasmasphere, and extend outward. They have been called in the past "plasmaspheric tails" (Taylor et al., 1971) , or, perhaps also, "detached plasma elements" (Chappell, 1974) , but are now known as "plasmaspheric plumes" (e.g. Elphic et al., 1996; Ober et al., 1997; Sandel et al., 2001) . Such plumes have been commonly detected by in-situ and ground-based instruments (e.g. Chappell et al., 1970; Carpenter et al., 1992; Foster et al., 2002; Moldwin et al., 2004) . More recently, plumes
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have been routinely observed in global plasmaspheric images made by the Extreme Ultraviolet (EUV) imager onboard the NASA IMAGE spacecraft, sometimes compared with in-situ observations (Sandel et al., 2001 Garcia et al., 2003; Goldstein et al., 2004; Goldstein and Sandel, 2005; Spasojević et al., 2003 . Plumes have also been identified in in-situ measurements of the ESA/NASA 4-spacecraft CLUS-TER mission Décréau et al., 2004 Décréau et al., , 2005 Dandouras et al., 2005) .
The formation of these plumes has been predicted on the basis of different theoretical models. Owing to the changes in the convection electric field, according to the geomagnetic activity index K p , the plasmasphere is deformed, and parcels of plasmaspheric plasma move from the main plasmasphere towards its outer layers (Grebowsky, 1970; Chen and Wolf, 1972; Chen and Grebowsky, 1974) . This has been confirmed by numerical simulations (Weiss et al., 1997) . Goldstein et al. (2003a) show the importance of the evening convection enhancement associated with SAPS (Sub-Auroral Polarization Stream). The interchange instability could also play a role in the formation of plumes (Lemaire, 2000 (Lemaire, , 2001 Pierrard and Lemaire, 2004; Pierrard and Cabrera, 2005) .
The purpose of this paper is to report plasmaspheric plume observations by CLUSTER. These observations are compared with global images made by IMAGE and in-situ observations by the LANL geosynchronous satellites. After presenting the instrumentation and the methods of analysis in Sect. 2, three case studies are discussed in Sect. 3. Section 4 contains a summary and conclusions.
Instrumentation and methods of analysis

CLUSTER mission
The four CLUSTER spacecraft (C1, C2, C3 and C4) have flown since summer 2000 in a tetrahedral configuration along similar polar orbits with a perigee of about 4 R E (Escoubet et al., 1997) . This allows CLUSTER to cross the plasmasphere from the Southern to the Northern Hemisphere every 57 h, but the spacecraft are not penetrating deeply inside this region due to the high perigee altitude. Each CLUSTER satellite contains 11 identical instruments. Data obtained from 5 of them will be used in this paper: the electron density determined by combining data from two experiments, the Waves of HIgh frequency and Sounder for Probing Electron density by Relaxation, WHISPER (Décréau et al., 1997 and the Electric Field and Wave experiment, EFW ) (note that the electron spectrometer is usually not operating inside the plasmasphere); the ion density evaluated by the Cluster Ion Spectrometry experiment, CIS (Rème et al., 2001) ; the drift velocity determined by the Electron Drift Instrument, EDI ; and the magnetic field measured by the FluxGate Magnetometer, FGM (Balogh et al., 2001) .
The WHISPER instrument can unambiguously identify the electron plasma frequency F pe (related to the electron density N e by: F pe {kHz}∼9 [N e {cm −3 }] 1/2 ). In active mode, the sounder analyses the pattern of resonances triggered in the medium by a radio pulse. This allows the identification of F pe (Trotignon et al., , 2003 . In passive mode, the receiver monitors the natural plasma emissions in the frequency band 2-80 kHz. Various signatures lead to an independent estimation of F pe deduced from local wave cutoff properties .
The EFW experiment measures the spacecraft potential V sc , which is the potential difference between the antenna probes and the spacecraft body. Using a non-linear empirical relation, which depends on the plasma regime, N e can be estimated from V sc (Pedersen, 1995; Laakso and Pedersen, 1998; Moullard et al., 2002) . For a given CLUSTER perigee pass, the EFW measurements can be calibrated using the WHISPER instruments, which give absolutely calibrated values of the electron density . This calibration works well in the plasmasphere. It is, however, only possible in regions where the electron plasma frequency is below the WHISPER limit of 80 kHz, i.e, where the electron density is below 80 cm −3 .
In order to facilitate inter-comparison of the four CLUS-TER density profiles and comparison with projected data from IMAGE, we choose to plot the density values as a function of the equatorial distance R equat (in units of Earth radii): this is the geocentric distance of the magnetic field line on which the spacecraft is located, measured at the geomagnetic equator, which is identified as the location along the field line where the magnetic field strength reaches a minimum. A magnetic field model is used that combines the internal magnetic field model IGRF2000 and the external magnetic field model Tsyganenko-96 depending on the solar wind pressure, the Disturbance storm-time index (Dst) and the Interplanetary Magnetic Field (IMF) Y and Z components (Tsyganenko and Stern, 1996) . These models are computed with the UNILIB library (Library of routines for magnetospheric applications; http://www.oma.be/NEEDLE/unilib.php/20x/). We prefer to use R equat instead of the McIlwain L parameter (McIlwain, 1961) because L varies along a magnetic field line, except for a pure dipole, whereas R equat is constant along a field line by definition. Measurements made at the same R equat and local time therefore refer to the same magnetic flux tube.
The CIS experiment consists of two complementary spectrometers, the Hot Ion Analyser (HIA) and the COmposition and DIstribution Function analyzer (CODIF). This last sensor measures the complete 3-D distribution functions of the major ion species (H + , He + , He ++ and O + ) inside the plasmasphere with a time resolution of one spacecraft spin period (4 s), from which partial densities and H + velocities can be computed. In addition CODIF contains in the aperture system an additional Retarding Potential Analyser (RPA) device with pre-acceleration for energies between 0.7 and 25 eV/q, Ann. Geophys., 24, 2006 www.ann-geophys.net/24/1737/2006/ with respect to the spacecraft potential. CODIF works in this RPA mode on C1, C3, and C4. The EDI experiment measures the drift velocity of artificially injected electron beams. Two beams are emitted in opposite directions perpendicular to the magnetic field, and return to their associated detectors after one or more gyrations. The drift velocity is derived from the directions of the received beams and from the difference in their timesof-flight. This instrument works on C1, C2, and C3. The data used in this study have been cleaned and smoothed as described by Matsui et al. (2003 Matsui et al. ( , 2004 .
The FGM instrument consists of two tri-axial fluxgate magnetometers and an on-board data-processing unit. It provides high time resolution (22.4 Hz in normal mode) magnetic field measurements from all four spacecraft with an accuracy of at least 0.1 nT. The data have been time-averaged to a resolution of 4 s.
IMAGE mission and LANL satellites
The IMAGE (Imager for Magnetopause-to-Aurora Global Exploration) spacecraft was launched in March 2000 into a polar orbit with a perigee of 7400 km and an apogee of 8.2 R E (Burch, 2000) . The Extreme Ultraviolet (EUV) imager onboard IMAGE provides global images of the plasmasphere (Sandel et al., 2000) . It is an imaging system composed of three cameras, which detect the 30.4 nm sunlight resonantly scattered by the He + ions in the plasmasphere. It provides a global image of the plasmasphere every 10 min with a spatial resolution of 0.1 R E . Thanks to IMAGE's high apogee and EUV's wide field of view, these images show the structure of the entire plasmasphere. Sequences of such 2-D images show the evolution and motion of plasmaspheric plumes over time. The azimuthal and radial velocity of different parts of a plume (the foot or the tip for example) can be quantified from a comparison of the position of plume elements between successive images.
For better comparison with CLUSTER data, the EUV images have been projected onto the dipole magnetic equatorial plane, by assigning to each pixel the minimum dipole L-shell along the line-of-sight (Roelof and Skinner, 2000; Goldstein et al., 2003b; Gallagher et al., 2005) . L-based mapping has been chosen as EUV images show the plasmasphere close to Earth, where the dipole magnetic field can be used (for low to moderate geomagnetic activity). The mapped signal is then converted to column abundance using estimates for the solar flux at 30.4 nm, based on the SOLAR2000 empirical solar irradiance model (Tobiska et al., 2000) . Finally, the column abundance is converted to pseudo-density by dividing by an estimate of the distance along the line-of-sight that contributes most to the image intensity at each location in the field of view (for more details, see Gallagher et al., 2005) . Therefore the EUV images shown in this paper give an equatorial distribution of He + pseudo-density versus L and Magnetic Local Time (MLT). The lower sensitivity threshold of the EUV instrument has been estimated to be 4-8 He + ions cm −3 , or 40±10 H + electrons cm −3 if assuming a ratio He + /H + around 0.1-0.2 (Goldstein et al., 2003b) .
The EUV images have been reprocessed to filter away the noise (apparent as high frequency spatial variations in the image) based on the fact that small scale density distribution in the plasmasphere is not accessible to the instrument, due to its intrinsic resolution and because emission intensities in the EUV images are line-of-sight integration. To increase the signal/noise ratio, we have binned the images (2×2 bins) and subsequently smoothed them (low band pass spatial filter). Finally, we have used histogram equalization and an appropriate colour scale to improve the contrast of the images.
The Magnetospheric Plasma Analyser (MPA) instruments onboard the Los Alamos National Laboratory (LANL) geosynchronous satellites measure the ion density in the range 1-130 eV/q (Bame et al., 1993) . This energy range does not cover the coldest fraction of the plasmaspheric distribution, as for the CIS instrument onboard the CLUSTER satellites. However, as the spacecraft potential is typically slightly negative in the dense plasmaspheric plasma, the full ion distribution is slightly accelerated into the instrument. Then the energy resolution is not quite adequate to resolve the distribution well, but nothing is hidden by the potential.
Spatial gradient
We compute the spatial gradient of different scalar quantities along the trajectory of the centre of mass of the CLUSTER tetrahedron. The method described by Harvey (1998) and Darrouzet et al. (2006) is used. The gradient is determined from simultaneous measurements of a given scalar quantity, with the hypothesis that all four spacecraft are embedded in the same structure at the same time. The three events presented in this paper are small spacecraft separation cases, prone to meet this constraint of quasi-homogeneity in space. This tool can be applied in particular to the electron density and to the magnetic field components. However, it crucially depends on the inter-spacecraft separation, the time resolution and the measurement accuracy on all four spacecraft. The limitations of this technique are discussed by Darrouzet et al. (2006) .
Velocities
To study the motion of plasmaspheric plumes with CLUS-TER, we use velocities determined from different techniques. The H + velocity V H can in principle be determined from the ion distribution functions measured with the CIS/CODIF instrument. The accuracy of the velocity measurements in the plumes is limited by low particle counts (due to the low density in the plumes) and is further influenced by spacecraft charging (outside the main plasmasphere the spacecraft potential can become strongly positive) and the finite energy Fig. 1. (a) Projection along the magnetic field line of a vector u determined at the centre of mass C of the four satellites, until the magnetic field strength reaches a minimum (C ): u eq . (b) Definition of three velocity vectors in the equatorial plane: the normal boundary velocity V N−eq , the azimuthal plasma velocity V P −eq and the apparent radial boundary velocity V R−eq (see text for more details). range of the instrument. We therefore have not used these velocities.
The electron drift velocity V D is measured by EDI and is available from each spacecraft on which this instrument is operating.
A four-point technique, called time-delay, is applied to the features (supposed to be locally planar boundaries) identified in the WHISPER electron density profiles at the inner and outer boundary of the plumes. Assuming a boundary to be a planar surface travelling at a constant velocity along its normal, we determine the normal boundary velocity V N with a time delay method, i.e. from individual spacecraft positions and times of the boundary crossings.
We compute also the co-rotation velocity at the centre of mass of the four CLUSTER spacecraft: V C =2πR / (24×60×60), where R is the distance from the spacecraft to the Earth's rotation axis.
An average radial velocity, V I O−eq , can be computed from the displacement in R equat of a structure between in-and outbound passes, when the spacecraft remains approximately in the same MLT sector.
From IMAGE data, we determine another velocity: the azimuthal and radial motion V E of geometrically identified parts of the plume as determined from successive EUV images projected onto the dipole magnetic equatorial plane.
Mapping onto magnetic equatorial plane
We project all the CLUSTER vector measurements (velocities, normals and spatial gradients) onto the magnetic equatorial plane by using the same magnetic field model as in the WHISPER density analysis (IGRF2000 and Tsyganenko-96). If we have a vector u determined at the centre of mass C of the four spacecraft, we consider a small displacement (of the order of a few kilometres) of this point C to M with the velocity u. We determine the projection C of C along the magnetic field line, until the magnetic field strength reaches a minimum. By doing the same with point M, we determine the velocity u eq in the magnetic equatorial plane. This technique is shown on Fig. 1a (for the simple case of a dipole field). We thus obtain the following velocities: in the magnetic field direction. Then we derive the azimuthal and radial components of all those velocities.
Let us assume that the plasma is rotating, i.e. moving in the azimuthal direction only. Figure 1b shows how a boundary frozen into the plasma moves as the plasma rotates, with an azimuthal plasma velocity V P −eq , from its position at time t to its position at time t+δt. If we define the angle φ between the normal boundary velocity and the radial direction, this motion implies that V N−eq =V P −eq sinφ, which is the normal boundary velocity we actually measure. The azimuthal plasma velocity V P −eq can then be deduced and compared to the full co-rotation speed V C−eq . The apparent radial boundary velocity, V R−eq , corresponding to the apparent radial motion of the boundary when observed at fixed MLT, is: V R−eq =V N −eq / cosφ (see panel (b) of Fig. 1 ). All those velocities are summarized in Table 1 .
Observations
First event: 7 May 2002
CLUSTER observations
This plasmasphere crossing is located around 20:00 MLT on 7 May 2002 and with a maximum value of K p in the previous 24 h equal to 3. The CLUSTER spacecraft separation distance is small (around 150 km). Figure 2 displays frequencytime spectrograms from the four WHISPER instruments during the entire plasmasphere crossing. The magnetic equator is crossed by all four spacecraft at almost the same time, around 09:35 UT, as indicated by the presence of intense monochromatic electrostatic wave emissions. The upper hybrid frequency, F uh increases from 15 kHz to 50-60 kHz during the inbound part of the crossing and decreases down to 15 kHz again during the outbound part. This quantity, associated with the electron gyro-frequency, F ce detected by the sounder, allows the determination of the electron plasma frequency, F pe , through the relation: F pe =(F 2 uh -F 2 ce ) 1/2 , and therefore the electron density N e . The spacecraft cross the plasmasphere, but they are not going deeply inside this region, as confirmed by the rather low maximum value of F pe (the maximum of 60 kHz corresponds to an electron density of only 45 cm −3 ). A density structure is observed in the inbound pass by all satellites around 08:35 UT. IMAGE data presented in the following section will confirm that this structure is a plasmaspheric plume (labelled IP on the figure, for "inbound plume"). A small increase in the plasma frequency is also seen during the outbound crossing around 10:45 UT.
The electron density profiles as a function of time look very similar, thus the assumption of a locally planar surface used in four-point methods is justified in this case. However, on the profiles shown as a function of R equat for the inbound plume crossing in Fig. 3 , C1 observes the outer region of the plume a bit further outward. The differences could come from the different latitudes of the spacecraft (which could explain systematic difference in density) and the outward motion of the density structure during the time interval (C1 crosses the plume about 1 min ahead of the 3 other spacecraft). Moreover, the satellites do not cross this structure in exactly the same MLT sector, which can explain such a shift if the orientation of the density interface is not perfectly parallel to a magnetic shell. Finally, the order of the plume crossing-times by the four spacecraft is the same in the inner edge and in the outer edge ( Fig. 6d ). This is consistent with the structure moving gradually with respect to the spacecraft. We use the time delay method to determine the normal ve-locities of the plume boundaries and the method presented in Sect. 2.5 to determine their projection onto the magnetic equatorial plane. The outer boundary of the plume is moving at V N−eq =2.3±0.5 km/s. The angle φ between the normal of the outer boundary (determined from the spatial density gradient direction and from the normal boundary velocity direction) and the radial direction is around 15 • . If the plasma would move only azimuthally, this would imply an equatorial azimuthal plasma velocity V P −eq =8.8±2.0 km/s. This is much higher than the co-rotation speed V C−eq =3.7 km/s. The azimuthal speed could be smaller if there would also be some outward plasma motion, e.g. for the outer edge, V P −eq =3.7 km/s and V R−eq =1.3 km/s would also be compatible with V N−eq =2.3 km/s and φ ∼ 15 • . The inner boundary, around 08:38 UT moves with V N−eq =3.6±0.5 km/s. With φ∼30 • , this gives V P −eq =7.2±1.0 km/s, which is also higher than V C−eq (3.3 km/s). This suggests that there are deviations from co-rotation, with the outer boundary moving faster than the inner edge. Figure 4 presents energy-time spectrograms from the CIS instrument in RPA mode, which measures the ion distribution in the energy band 0.7-25 eV/q with respect to the spacecraft potential (usually between 1 and 2 eV in the plasmasphere). Panels (a), (b) and (c) are respectively for H + , He + and O + , and panel (d) is the pitch-angle distribution of H + . The plume IP is observed between 08:36 and 08:38 UT. It is mainly composed of protons, which have isotropic flux, traces of He + and no detectable O + ions. The density values obtained from CIS in the inbound plume are smaller than those from the WHISPER experiment, because the spectrometer does not detect particles below 0.7 eV (with respect to the spacecraft potential), which is the major fraction of the distribution (Dandouras et al., 2005) .
The projected electron drift velocity V D−eq from EDI is plotted as a function of time on Fig. 5 for the satellites C1, C2 and C3, during the inner plasmasphere crossing. The azimuthal and radial velocity components, plotted respectively on panels (a) and (b), have a wavy structure during almost all the inner plasmasphere crossing, with a period of about 100 s. Such oscillations are not seen in the density profiles; these non-compressional oscillations could be Alfvén waves. When the spacecraft are inside the plasmasphere, between 09:00 and 10:10 UT (i.e. R equat below 6R E ), the average drift velocity magnitude is V D−eq =2.1±0.2 km/s, close to the co-rotation velocity V C−eq =2.2±0.2 km/s, and its direction is also essentially azimuthal. Between this region and the plume (08:40-09:00 UT), the plasma is moving in the anti co-rotation direction, which is not surprising at such distance from the Earth (6-7 R E ), where the co-rotation electric field has less influence. These results confirm that the inner plasmasphere is mainly in co-rotation around the Earth. Figure 6 shows a zoom on the plume crossing time interval, with EDI drift velocities on panels (a), (b), (c) and WHISPER electron density displayed on panel (d) . For the outer part of the plume (between 08:32 UT and 08:37 UT), V D−eq is azimuthal and radial (∼2.5 km/s) with an average magnitude much higher than the co-rotation speed (V D−eq =8.5±1.0 km/s whereas V C−eq =3.8-3.4 km/s). However, in the density gradient of the plume closest to the plasmasphere (between 08:37 and 08:39 UT), the drift velocity is closer to the co-rotation velocity, in terms of direction and magnitude.
By looking at the magnetic field B measured by the FGM experiment (shown on panels (e)-(h) of Fig. 6 ), we observe variations in magnetic field orientation during the plume crossing, but no variation in magnitude. There is a gradual rotation of B of about 5 • up to the time of the maximum density of the plume (08:34-08:37 UT), and then B turns back rapidly to its original orientation (08:37-08:39 UT). Figure 7 shows an EUV image of the plasmasphere at 08:31 UT on 7 May 2002 (around the time of the inbound crossing of the plume by CLUSTER). This image is a full frame image, reduced to the region of interest, and projected onto the dipole magnetic equatorial plane using the method described in Sect. 2.2. The Sun is toward the right in this picture and the size and location of the Earth are indicated by the white disk in the centre of the image; the Earth's shadow extends through the plasmasphere in the anti-sunward direction. The CLUSTER spacecraft are located at 20:00 MLT, in the top-left corner of the image. The two white lines correspond to the limit between the three EUV cameras, where the density level could be decreased or increased by this artefact. A thin but extended plume is observed on this EUV image, from the evening sector (20:00 MLT) to the post-midnight sector (01:00 MLT). The plume is not very clearly seen on the figure, because of its level of density (maximum value of 40 cm −3 from WHISPER) close to the EUV threshold (40±10 electrons cm −3 ), but by looking at image sequences, we can clearly see the global shape of the plume. The EUV image shows that the centre of the plume extends from 5.5 R E at its foot to 7.7 R E at its tip, and that its transverse size has a maximum extent of about 0.7 R E . At 08:31 UT and 20:00 MLT, it is located between 7.0 and 7.7 R E in the line-of-sight integrated images, which is consistent with the plume observed by WHISPER between 08:32 and 08:40 UT at 20:00 MLT with R equat between 7.3 and 8.2 R E . Between 18:00 and 20:00 MLT, the plasmapause is located between 4 and 3.7 R E on the EUV image. From CLUSTER data, it is difficult to distinguish the plasmapause, as the spacecraft does not completely enter the plasmasphere, but we could at least say that around 20:00 MLT the plasmapause is at a distance less than 4.2 R E .
IMAGE and LANL observations
The plume is observed on EUV images for the first time around 04:00 UT, with its foot attached to the plasmasphere around 20:00 MLT. It is visible until 10:00 UT, at which time the foot is located around 01:30 MLT. Before and after this time interval, EUV images are not of sufficient quality, or IMAGE is too close to the Earth to view the entire plasmasphere. These values give an approximate motion of the foot of the plume (at 4 R E ) of the order of the co-rotation velocity V C−eq =1.9 km/s there. However, with the same kind of analysis near the tip of the plume, between 07:20 and 09:20 UT, we find a velocity of the order of half the co-rotation velocity, with a slight increase in radial distance of the order of 0.3 R E over this period of time (i.e. outward speed of ∼0.3 km/s). This means that the plume is rotating around the Earth, with its foot attached to the main plasmasphere where it is co- rotating, but with its tip rotating more slowly and moving farther away from the Earth. This is consistent with the results obtained with the CLUSTER velocities described in the previous section, and with earlier studies of plasmaspheric plumes (Spasojević et al., 2003; Darrouzet et al., 2004) .
The geosynchronous satellites LANL 1991-080 and LANL 1994-084 observe an increase of ion density in the same region as CLUSTER and IMAGE: LANL 1991-080 records up to 35 cm −3 around 09:00-09:30 UT at 22:00 MLT and LANL 1994-084 up to 35 cm −3 around 11:00-11:15 UT at 21:00 MLT. LANL 1990-095, located around 06:00 MLT at 08:30 UT, does not observe any density structure (the positions of the three spacecraft are indicated on Fig. 7) . These observations confirm the presence of a narrow plume with a low density maximum, around 7 R E , in the pre-midnight MLT sector.
Second event: 2 June 2002
CLUSTER observations
This second event is observed with small spacecraft separation (around 150 km), in the dusk sector (18:00 MLT), and when the geomagnetic activity had a peak value of in the previous 24 h. Figure 8 displays WHISPER spectrograms. The magnetic equator is crossed around 13:20 UT. A very wide plume is seen in the inbound (IP) and outbound passes (OP) on all four spacecraft; the IP lasts more than 30 min. The plume crossings are almost identical on the four satellites (see for example, the small structure inside IP at 12:20 UT, and an OP structure at 14:10 UT). This plume has a high maximum F pe , slightly above 80 kHz.
The electron density profiles of the plume as determined from WHISPER and EFW (for the part above 80 cm −3 ) are shown in Fig. 9 . Both structures have the same overall shape. This indicates that these are crossings of the same plume at Southern and Northern latitudes of the plasmasphere. The similarity of the profiles between IP and OP suggests that the plume has not moved much over the 2 h between IP and OP. This is confirmed by the equatorial normal boundary ve-locities V N−eq derived from the time profiles and shown on Fig. 9 . These velocities are quite small for the inbound plume crossing (larger at the outer edge than at the inner one). The angle φ between the normal of the outer boundary of the inbound crossing and the radial direction (determined from the spatial density gradient direction and from the normal boundary velocity direction) is around 10 • , V N−eq =1.2±0.7 km/s, and then V P −eq =6.9±1.2 km/s with the assumption that the velocity is azimuthal without any radial component. This is much higher than the co-rotation velocity, V C−eq , which is between 3.6 and 2.8 km/s at these spacecraft positions. This could be also compatible with a lower azimuthal speed if there is an outward plasma motion as well. At the inner edge, φ∼10 • , V N−eq =0.7 ± 0.2 km/s, and thus V P −eq =4.0±1.2 km/s, also higher than V C−eq . For the outbound crossing, the boundary velocities are very different Ann. Geophys., 24, 2006 www.ann-geophys.net/24/1737/2006/ between both edges of the plume: for the outer edge, V N−eq =4.2±0.8 km/s, φ∼30 • , then V P −eq =8.4±1.6 km/s, whereas for the inner edge, V N−eq =1.1±0.3 km/s, φ ∼ 30 • , then V P −eq =2.2±0.6 km/s. As in the preceding event, there are deviations from co-rotation.
Comparing both passes, the inner edge of the plume shifts 0.5 R E in 75 min, corresponding to V I O−eq =0.7±0.1 km/s. This is comparable to the projected radial boundary velocity, V R−eq , which is 0.7±0.2 km/s for the inbound pass and 1.3±0. of the plume, we found V I O−eq =0.5±0.1 km/s, whereas the timing analysis gives a value of 1.2±0.2 km/s for the inbound crossing; for the outbound crossing, we obtain V R−eq =4.8±0.5 km/s, which is much higher. These results suggest that the plume is thinner in the outbound crossing in the Northern Hemisphere than in the inbound one in the Southern Hemisphere and that its inner edge is at a larger equatorial distance. They show also that the instantaneous measurements (V N ) are in agreement with long term motion of the plume (V I O−eq ). Data from the CIS instrument in RPA mode (0.7-25 eV/q) are shown in Fig. 10 for C1 and C3. Panels (a)-(b) and (c)-(d) show the energy distribution of H + and He + for C1 and C3, respectively. Panel (e) plots the ion density for C1 and C3. The CLUSTER spacecraft enter the main plasmasphere at 12:45 UT and exit it at 13:55 UT, as indicated by higher proton density (PLS region). The plumes are clearly seen in the H + populations in the inbound crossing (IP) between 12:20 and 12:45 UT, and also in the outbound pass (OP) between 14:00 and 14:20 UT. The outbound plume seems to be divided in two parts, with lower ion densities in between. This density depletion corresponds to the decrease of electron density observed by WHISPER around 14:10 UT (R equat ∼ 7.2 R E ). The plume crossings seem to be shorter in the He + spectrograms, because of the low densities in the outer part of the plumes. The density values obtained from CIS/CODIF in the RPA mode are lower than those determined from WHISPER because the limited energy range of the instrument does not cover the whole energy range of the ions (as can be seen in Fig. 10a and c) and because of spacecraft charging.
The drift velocity components determined by EDI are shown on Figs. 11a-c and 12a-c for C1, C2, C3, for the two plume crossings. Around the location of the maximum density (12:25 to 12:35 UT, and 14:07 to 14:13 UT), the velocity components have a wavy structure, but not as quasi-monochromatic as in the first plume event discussed in Sect. 3.1; the data again suggest that these non-compressional oscillations could be Alfvén waves.
During the inbound plume crossing (see Fig. 11 ), the average equatorially projected electron drift velocity is V D−eq =3.5±1.0 km/s, mainly in the azimuthal direction but with also a radial expansion of the plume (0.9 km/s). This magnitude is of the order of the co-rotation velocity (3.6-2.4 km/s). Concerning the outbound crossing of the plume (see Fig. 12 ), V D−eq =5.5±1.0 km/s on average, globally in the co-rotation direction, with larger values at the outer edge. This is consistent with the values of the velocity determined from WHISPER in the outbound plume. Inside the plasmasphere (12:50-13:50 UT, R equat =4.4-5.3 R E ), V D−eq =2.0±0.2 km/s, in the co-rotation direction and close to the co-rotation velocity (V C−eq =2.0-2.3 km/s). For this event, there is no noticeable change in the magnetic field. Figure 13 presents an EUV image taken at 12:33 UT on 2 June 2002 (around the time of the inbound crossing of the plume by the CLUSTER satellites) and projected onto the dipole magnetic equatorial plane. A very large plume is observed in the post-dusk sector, with its foot attached to the plasmasphere between 17:30 and 22:00 MLT. At 17:30 MLT, it is located between 6.0 and 7.5 R E , which is consistent with WHISPER, which observes the plumes between 5.5 and 8.5 R E (but with an electron density above the estimated EUV threshold only between 5.7 and 7.8 R E ).
IMAGE and LANL observations
The plume is observed on EUV images from 10:10 UT until 14:30 UT. These successive images enable us to determine the motion of the plume. The foot of the plume (at 3.7 R E ) moves at V E =1.6±0.1 km/s, close to the co-rotation velocity V C−eq =1.7 km/s. It is hard to make the same calculation with the tip of the plume, as it is difficult to identify the plume tip unambiguously. However, the tip is clearly moving slower than the foot. The images show that the tip is moving away from the Earth. The CLUSTER measurements also showed how the inner edge of the plume moves from R equat =5.6 to 6 R E between the inbound and outbound passes.
For this event, there is only one geosynchronous satellite (LANL 97A) that observes an increase of the ion density (up to 100 cm −3 ) at 19:00 MLT and around 12:30 UT; the three others are outside this MLT sector (see the position of LANL 1990-095, LANL 1991-080, LANL 1994-084 and LANL 97A on Fig. 13 ). The spacecraft observes this large density structure during 10 h as it orbits Earth from 12:00 to 22:00 MLT. This is consistent with the plume seen by IM-AGE between 17:30 and 22:00 MLT, also with the high density value determined from CLUSTER (maximum electron density at about 100 cm −3 ), and with the equatorial distance where CLUSTER observes the plume at 12:30 UT: 6.5 R E .
Third event: 11 April 2002
CLUSTER observations
The third event on 11 April 2002 is located in the premidnight sector, between 21:45 and 21:10 MLT, and with a maximum value of K p in the previous 24 h equal to 3 − . The CLUSTER spacecraft separation is around 150 km. As this case has already been discussed by Darrouzet et al. (2004) , we will summarize their results and complete them with input from other CLUSTER instruments and full-frame EUV images. Figure 14 displays WHISPER frequency-time spectrograms for the entire plasmasphere crossing. A plume is observed in the inbound (IP) and outbound (OP) passes, but the size and shape of this plume change considerably between both passes.
The electron density profiles given by Darrouzet et al. (2004, Fig . 4 ) allow the calculation of normal boundary velocities V N . After projection onto the equatorial plane, we find V N−eq =2.1±0.3 km/s and 1.7±0.3 km/s for the outer and inner edge of the inbound crossing respectively, and V N −eq =1.4±0.3 km/s and 1.6±0.3 km/s for the outer and inner edge of the outbound pass respectively. With φ∼15-20 • for the outer and inner edges of both crossings, the corresponding equatorial azimuthal velocities are V P −eq =8.1±1.2 km/s and 5.0±0.8 km/s for the inbound crossing, and V P −eq =4.1±0.9 km/s and 6.2±1.1 km/s for the outbound one (if the convection velocity would only be azimuthal). The co-rotation speed V C−eq ranges from 3.3 to 2.8 km/s during the inbound crossing, and from 3.1 to 3.6 km/s during the outbound one. This result could be also compatible with a lower azimuthal speed if there is an outward plasma motion as well. The calculation of V I O−eq from the displacement of a structure between the inbound and outbound passes confirms the previous calculations: for the inner edge, V I O−eq =0.7±0.1 km/s, whereas V R−eq =1.7±0.2 km/s, and for the outer edge, V I O−eq =0.4±0.1 km/s, whereas V R−eq =1.8±0.2 km/s. All these results show that the plume is moving outwards.
The CIS data in RPA mode are shown on Fig. 15 for C1 and C3. The format of this figure is the same as in Fig. 10 . The plume is clearly detected on both spacecraft in the inbound pass around 04:30 UT (IP), and around 06:20 UT in the outbound one (OP). The ion composition differs in the plume and in the plasmaspheric core (PLS): there is fewer H + (panels a and c) and fewer He + (panels b and d) inside the plume than inside the inner plasmasphere, as in the two previous plume events. The extent of the plume along the spacecraft orbits is similar to that observed with WHISPER. In particular, there are two density peaks in the inbound plume crossing, consistent with the WHISPER spectrograms. The CIS density is again lower than that deduced from WHISPER (panel e), because of the spacecraft potential and the energy range limitations of the CIS instrument in RPA mode (a few eV).
The drift velocities measured by EDI onboard C1, C2 and C3 during this plasmasphere crossing and projected onto the equatorial plane are displayed in Fig. 16 . Inside the plasmasphere, the averaged drift speed V D−eq =2.4±0.2 km/s is close to the co-rotation speed, V C−eq =2.0-2.5 km/s in this region (4.3-4.5 R E ). This velocity departs from V C−eq when the spacecraft move away from the magnetic equator crossed at 05:20 UT, which is expected when the spacecraft are in the outermost shells of the plasmasphere. The behaviour is different between both plume crossings: in the inbound pass, the drift velocity is again in the co-rotation direction with V D−eq =4.4±1.0 km/s, higher than the corotation speed at this position (V C−eq =2.8-3.3 km/s). However, the drift velocity during the outbound crossing has a higher radial component (1 km/s) and a lower magnitude (V D−eq =2.0±1.0 km/s on average), except near the location of the maximum density inside the plume (as measured by WHISPER). There, the drift velocity V D−eq is in the corotation direction. This is consistent with velocities determined from WHISPER (higher during the inbound pass than during the outbound one): it indicates again a slight outward radial motion of the plume.
During both plume crossings, we do not observe any variations in the magnetic field orientation (see FGM and modelled magnetic field on panels (b)-(e) of Figs. 16 and 17) . However, there are significant variations just outside the inbound and outbound plume crossings delimited by the density profiles plotted as a function of time on panel (a) of Figs. 16 and 17.
IMAGE and LANL observations
EUV observations around the time of CLUSTER plume crossings are shown on Fig. 19 . These full-frame EUV images, projected onto the dipole magnetic equatorial plane suggest that we deal here with a plume extending from the post-midnight towards the pre-midnight sector. As already shown by Darrouzet et al. (2004) , the EUV results are consistent with WHISPER observations. For example, concerning the plasmapause position, the comparison between WHISPER and EUV gives a quite good correspondence. Indeed, in the pre-midnight sector (18:00-21:00 MLT), the plasmapause is around 4.5 R E from EUV and 5 R E from WHISPER. Moreover, the plume observed at 04:31 UT and 21:40 MLT extends from 6.4 to 7.1 R E according to EUV, and from 6.2 to 7.2 R E according to WHISPER (a bit broader as WHISPER is sensitive to lower densities). At 06:14 UT 5.5 R E ) of V E =2.3±0.1 km/s, slightly below the co-rotation speed V C−eq =2.5 km/s. Although the tip of the plume is almost outside the field of view of the EUV imager, successive images show that the tip of the plume moves at about half the co-rotation angular speed. There is also a small outward radial displacement of 0.2 R E between 04:30 and 06:15 UT, but this radial motion seems to stop afterwards. During this plasmasphere crossing, the LANL geosynchronous satellites available are not located in the MLT sectors where CLUSTER and IMAGE observe a plume, i.e. the pre-midnight sector (see the position of LANL 1990-095, LANL 1991-080 and LANL 1994-084 on Fig. 19) . A slight ion density increase up to 20 cm −3 is observed by LANL 1994-084 around 20:00 MLT a few hours after the CLUSTER crossings, between 09:00 and 10:00 UT, which could be the tip of the plume.
Summary and conclusions
Three plasmasphere crossings have been presented in order to compare observations of plasmaspheric plumes by the CLUSTER and IMAGE satellites. The CLUSTER and IM-AGE missions are complementary, due to their different measurement techniques (global imaging with IMAGE and insitu high spatial resolution measurements with CLUSTER). They provide a more complete picture of the plasmasphere and in particular of plumes than any of them taken separately. The LANL geosynchronous satellites can complete this view of the plasmasphere at a fixed distance from the Earth.
The motion of the inner plasmasphere has been analysed with different tools and datasets. The inner shells of the plasmasphere are generally co-rotating with the angular velocity of the Earth. The drift velocity measured onboard CLUSTER departs from the co-rotation when the spacecraft move away from the magnetic equator. Some wavy structures with a period of 100 s have been sometimes observed. These oscillations could be Alfvén waves, but they need further study to be fully identified.
The three events exhibit different characteristics of plasmaspheric plumes, and the comparison between the global view from IMAGE and the in-situ measurements from CLUSTER gives consistent results concerning the radial position and MLT extend of the plumes (see a summary in . 7) . Table 2 ). Some plumes are very long and extend across a large MLT sector, up to 04:30 h MLT; their transverse size ranges from 0.5 to 1.5 R E , and their radial position varies from 5.5 to 8.5 R E . The plasmapause positions determined from WHISPER and EUV are also consistent (see Table 3 ). The normal directions of the plume boundaries, as computed using the density gradient tool and the time delay method, are generally consistent with each other (see a summary in Table 4 ), as well as with the EUV observations.
It is sometimes difficult to clearly detect the plume on EUV images because of its rather high instrumental density threshold (40±10 electrons cm −3 ): plumes usually have lower densities near the tip. Due to the high altitude of CLUSTER's perigee, the satellites penetrate into the plasmasphere only for moderate to low K p (as indicated in an earlier study by Darrouzet et al., 2004) . In any event, due to the upper frequency limitation of WHISPER (80 kHz, corresponding to 80 cm −3 ), the observed plumes should not have too high density to be completely resolved (otherwise, densities can be inferred from the EFW spacecraft potential, which is, however, difficult to calibrate).
The ion composition is quite similar in all plume events, with a large amount of H + , some traces of He + , and no O + in the first event (no data for events 2 and 3). This is consistent with the results of the study by Dandouras et al. (2005) .
www.ann-geophys.net/24/1737/2006/ Ann. Geophys., 24, 1737-1758, 2006 Table 5 . Comparison between the velocities determined from EDI projected onto the equatorial plane and the projected co-rotation velocity for the three events. The velocity analysis of the plumes gives consistent results with various techniques and different datasets. The results are summarized in Tables 4 and 5. The main conclusion is that the plume is rotating around the Earth, with its foot attached to the main plasmasphere fully co-rotating, but with its tip often rotating more slowly and moving outward, away from the Earth. This result is consistent with the topology of a plume, extending farther out at earlier MLT, as shown in earlier studies on plasmaspheric plumes (Spasojević et al., 2003; Darrouzet et al., 2004) . As expected, closer to Earth, the plasma velocities are closer to co-rotation.
Projected Velocity (km/s):
To conclude, this study allowed us to have a global idea about the formation, evolution and motion of plasmaspheric plumes from observations on various spacecraft, showing common features but also different aspects of these plumes. This study has been based on small spacecraft separation distance between the four CLUSTER satellites, but the large separation distances planned for the future will give another perspective on plumes, in particular on their evolution on longer time-scales.
